A Brain Heater in the Swordfish Abstract. The brain and eye of swordfish are warmer than the water. Associated with one ofthe eye muscles is a tissue that heats the brain. This brain heater is rich in mitochondria and cytochrome c and is supplied with blood through a vascular heat exchanger. It protects the central nervous system from rapid cooling during daily vertical excursions which may take the swordfish through a wide temperature range.
Swordfish, Xiphias gladius, are large pelagic fish that range over the world's temperate and tropical oceans. The preponderance of white fibers in their swimming muscle indicates that they are stalkers and sprinters (1). They do not maintain the high level of continuous activity that we associate with warm fishes with elevated body temperatures such as the tunas (2) and, indeed, their muscle and viscera are close to water temperature (3) . Swordfish are creatures of semidarkness, spending the night near the surface, but going as deep as 600 m during the day (4). In these vertical excursions water temperature may change as much as 19°C in less than 2 hours (4). The large and abrupt temperature changes that swordfish experience daily would chill the brain and affect central nervous system processes in most fish (5), but swordfish have developed a heater, which warms the brain and eye. This mass of specialized tissue and its associated vascular heat exchanger warm these organs to temperatures significantly above that of the surrounding water and reduce the extent of temperature fluctuations.
Associated with one of the eye muscles, the rectus superior, is a large swelling closely applied to the ventral side of the brain case. The tissue in this structure is brown, with the color and consistency of liver. Its blood supply is by way of a highly developed rete mirabile that arises from the carotid artery and forms a dense mass of small (80 to 100 p.m in diameter), parallel arteries and veins. The rete is large for the mass of tissue it serves: in a 120-kg swordfish, the rete leading to a 50-g mass of brown tissue and muscle has a cross section area of 2 cm2. As it merges with the brown tissue, the rete divides into strands of parallel vessels and blood is delivered to the surrounding brown tissue cells by a radiating pattern of sinusoids that have some resemblance to those of liver. The brown tissue cells are cuboidal with dense brown cytoplasm and clear distinct nuclei. They are packed with mitochondria and contain numerous small vacuoles. The distinctive brown color of the tissue is due to its high concentration of cytochromes. Cytochrome c concentration was 35 ± 3 nmole/g (6), similar to the 22 to 33 nmole/g reported for the brown fat of various small mammals (7) . The ample blood supply, numerous mitochondria, and high cytochrome c content are similar to mammalian brown fat and indicate an unusually high metabolic rate in the brown tissue.
The brain of swordfish is warm (8) .
For fish caught on longline fishing gear (9), the brain, eye, and brown tissue are significantly warmer than the water (Table 1). Because swordfish captured on longline are usually dead or in poor condition, temperatures of undisturbed fish are probably higher than those shown in Table 1 (10) . The highest temperatures yet recorded in swordfish were obtained from a free-swimming fish in an acoustic telemetry experiment where during a 36-hour period temperature in the cranial cavity was 10°to 14°C warmer than the water (4, 11) .
The temperatures of fishes are tightly coupled to water temperature by circulation of the blood, which acts as a convective cooling system. Metabolic heat produced in the tissues is carried away by the blood and lost to the environment through the gills (12) so that fish remain close to water temperature. Warm fishes have developed countercurrent heat exchangers in their circulatory system and these retain metabolic heat and raise temperatures (13) . The large rete mirabile serving the swordfish brown tissue is such a countercurrent heat exchanger. The venous and arterial flow in the retial vessels is in opposite directions and the alternating arrangement of the tightly -kg swordfish), and they produce enough heat to warm the adjacent brain. Unlike mammalian brown fat where blood flow spreads the heat through the body, the rete serving the brown tissue prevents such convective dissipation and confines the heat to the vicinity of the brain.
The cross-section view of the swordfish head in Fig. I shows that the brain is well placed to be warmed by conduction of heat from the brown tissue. A portion of the basisphenoid bone that forms the Table 2 . Temperature gradient measured at positions indicated in the legend of Fig. 1 route of blood flow to the brain is through the hyoopercularis artery on the side of the head. This artery passes between the abductor mandibularis and the levator arcus palatini muscles where it and the accompanying veins are elaborated into a flattened rete mirabile. Some branches of this rete go to the muscles, but a major branch reforms into a single vessel which enters the cranial cavity through a foramen in the sphenotic bone. At the rear of the cranial cavity this artery joins a plexus associated with the auditory apparatus, and from this plexus branches run ventrally along the sloping walls of the cranial cavity to the brain. Blood flowing to the brain by this route would be warmed by passage through the jaw muscle rete and by heat from the brown tissue during its course down the wall of cranial cavity.
Cold has a pronounced effect on the integrative functions of the nervous system. In many organisms a rapid drop in temperature will delay responses and interfere with learned behavior (5). The swordfish is an active predator that strikes and seizes swiftly swimming prey (16) . The brain heater is probably important in allowing the fish to hunt effectively during the large temperature changes which are part of its daily routine. Quality in a central nervous system is commonly equated with a large brain, but apparently the swordfish, with a brain only 0.002 percent of its body weight and only 1/50th the weight of the organ which warms it, is responding to requirements other than those of intellect.
Brain heaters occur in species other than swordfish. White marlin (Tetrapturus albidus) and sailfish (Istiophorus platypterus) have retia and lumps of brown tissue at the base of the rectus superior eye muscle, and brain and brown tissue temperature elevations of 30 to 4°C have been recorded from these fish ( Table 1) . Other billfishes-blue marlin (Makaira nigricans), striped marlin (Tetrapturus audax), and shortbilled spearfish (Tetrapturus angustirostris)-have such swellings of brown tissue on the rectus superior muscle and will probably also be found to have warm brains. These fish, particularly the sailfish and spearfish, are thought to be surface dwellers of warm tropical seas. The utility of a heating system for the brain is not apparent in this environment, but little is known about the natural history and behavior of these fishes and it can only be assumed that there are situations where it is of advantage to them.
Gasteroschisma melampus (family Scombridae) is a large pelagic fish of the Southern Ocean, which also appears to have a brain heater. No temperature information is available from this fish, but it does have a mass of brown tissue associated with one of its eye muscles. As in the bilifishes, the brown tissue is supplied with blood through a large rete. In Gasteroschisma, however, it is the rectus posterior rather than the rectus superior eye muscle that has developed this specialization. The evolution of similar brain heaters from different eye muscles in billfishes and in Gasteroschisma indicates that eye muscle is particularly suitable for serving as a source of heat for the brain (17) . Most pelagic fish are active visual predators. The eye muscles of tuna and bilifish have a red color (18) from an abundance of red muscle fibers, an indication that the eyes are in motion much of the time. (8) . Each assay was conducted in triplicate, and the results were confirmed in three animals in each group in each of three separate experiments. Cyclic GMP tissue levels were measured by radioimmunoassay (9) .
Biotin and (+)-biotin-p-nitrophenyl ester enhanced soluble guanylate cyclase activity in a variety of tissues (Table 1) . Thus, the analog and biotin itself enhanced guanylate cyclase activity twoto threefold in rat liver, kidney, colon, cerebellum, and heart. Both agents in-0036-8075/82/0618-1329$01.00/0 Copyright © 1982 AAAS Biotin Enhances Guanylate Cyclase Activity Abstract. Biotin and its analog, (+)-biotin-p-nitrophenyl ester enhanced guanylate cyclase activity two-to threefold in rat liver, kidney, colon, cerebellum, and heart. Dose-response relationships revealed that at concentrations as low as I micromolar, both biotin and its analog caused maximal augmentation of guanylate cyclase activity. These data suggest a role for the activation of guanylate cyclase in the
